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Abstract

The fetal placenta is a source of hormones and immune factors that play a vital role in maintaining pregnancy and
facilitating fetal growth. Cells in this extraembryonic compartment match the chromosomal sex of the embryo itself.
Sex differences have been observed in common gestational pathologies, highlighting the importance of maternal
immune tolerance to the fetal compartment. Over the past decade, several studies examining placentas from term
pregnancies have revealed widespread sex differences in hormone signaling, immune signaling, and metabolic
functions. Given the rapid and dynamic development of the human placenta, sex differences that exist at term
(37-42 weeks gestation) are unlikely to align precisely with those present at earlier stages when the fetal-maternal
interface is being formed and the foundations of a healthy or diseased pregnancy are established. While fetal sex as
a variable is often left unreported in studies performing transcriptomic profiling of the first-trimester human pla-
centa, four recent studies have specifically examined fetal sex in early human placental development. In this review,
we discuss the findings from these publications and consider the evidence for the genetic, hormonal, and immune
mechanisms that are theorized to account for sex differences in early human placenta. We also highlight the cellular
and molecular processes that are most likely to be impacted by fetal sex and the evolutionary pressures that may
have given rise to these differences. With growing recognition of the fetal origins of health and disease, it is important
to shed light on sex differences in early prenatal development, as these observations may unlock insight into the
foundations of sex-biased pathologies that emerge later in life.

Highlights

« DPlacental sex differences exist from early prenatal development, and may help explain sex differences in preg-
nancy outcomes.

+ Transcriptome profiling of early to mid-gestation placenta reveals that immune signaling is a hub of early prena-
tal sex differences.
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+ Differentially expressed genes between male and female placenta fall into the following functional associations:
chromatin modification, transcription, splicing, translation, signal transduction, metabolic regulation, cell death
and autophagy regulation, ubiquitination, cell adhesion and cell—cell interaction.

+ DPlacental sex differences likely reflect the interaction of cell-intrinsic chromosome complement with extrinsic
endocrine signals from the fetal compartment that accompany gonadal differentiation.

+ Understanding the mechanisms behind sex differences in placental development and function will provide key
insight into molecular targets that can be modulated to improve sex-biased obstetrical complications.

Keywords: Sex, Placenta, Differences, Gene expression, Fetal, Transcriptome, Pregnancy complications

Background

Sex differences emerge early in human development
and are detectable from the embryonic stage to parturi-
tion [1, 2]. While sex differences in pregnancy outcomes
such as fetal birth weight and infant mortality have been
recognized for centuries [3], the biological mechanisms
through which fetal sex shapes prenatal development
remain to be determined. As the interface with maternal
circulation and the central coordinator of fetal growth,
the placenta is likely to play a starring role in the produc-
tion of sex-linked prenatal phenomena.

The framing of sex differences in prenatal development
generally centers on male vulnerability. Indeed, male
fetuses have been reported to be at elevated risk for early
preterm birth, term preeclampsia (PE), placental inflam-
mation, premature rupture of membranes (PPROM) and
a variety of other gestational complications [4—9]. How-
ever, female fetuses show a higher incidence of preterm
PE, intrauterine growth restriction (IUGR) and being
small for gestational age (SGA) across multiple popula-
tions [10-14], suggesting that sex-biased prenatal vulner-
ability can manifest in unique and context-specific ways
[15-20].

How does sex manifest in the human placenta?

The placenta is a critical determinant of both fetal and
maternal health throughout gestation. In addition to
providing the interface for the exchange of nutrients
and waste, the placenta is also a source of hormones and
immune factors that facilitate pregnancy maintenance
and fetal growth [21]. During the process of human pla-
centation, trophoblast cells from the outer trophecto-
derm layer of the blastocyst invade maternal decidua
to form the placenta and chorionic membranes. The
resulting extraembryonic compartment shares the bio-
logical sex of the developing embryo. Because fetal cells
can express paternal antigens that are immunologically
distinct from maternal cells, the successful establish-
ment of maternal immune tolerance to the fetal “graft”
is an essential requirement for successful placentation

and pregnancy. If these finely tuned interactions become
dysregulated, placental dysfunction can result, leading
to complications such as spontaneous abortion, preterm
birth, preeclampsia and intrauterine growth restriction
[22]. Given the sex differences observed in common ges-
tational pathologies, the sex of the trophoblast and the
other cells that compose the placenta is likely to influence
the interactions between fetal and maternal cells.

The primary known factor giving rise to sex differences
in early embryogenesis is sex chromosome-linked gene
expression (23). In addition to differential expression of
X and Y transcripts themselves, differences in autosomal
gene expression in early embryonic and extraembryonic
tissues have been observed and are likely to play a role
in sex-biased fetal outcomes. Towards the end of the first
trimester, differential expression between the sexes is
likely to reflect the interaction of cell-intrinsic chromo-
some complement with extrinsic endocrine signals from
the fetal compartment that accompany gonadal differ-
entiation. Both potential mechanisms will be expanded
upon later in this review.

The dynamic placental transcriptome

Placentas from term pregnancies have been frequently
examined for transcriptomic differences based on fetal
sex over the past decade, and these studies have revealed
widespread differences in hormone signaling, immune
signaling, and metabolic functions [24—-28]. Sood et al.
[24] first observed sex differences in both sex chromo-
some and autosomal gene expression in term placentas
by microarray, identifying JAK-STAT-related immune
regulation as a central signaling hub. Osei-Kumah et al.
[25] also highlighted sex differences in cytokine signaling
in placentas from pregnancies complicated by asthma,
as well as glucocorticoid hormone signaling. Cvitic et al.
[26] performed the first cell-type specific analysis, isolat-
ing and culturing different trophoblast and endothelial
cell types from male and female placentas and subjecting
them to microarray analysis. TNFa and NFxB signaling
pathways emerged as a major node of sexually dimor-
phic gene expression patterns, showing elevation in male
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placental endothelium. Sex-linked alterations in pro-
inflammatory signaling at the mRNA and protein levels
are a theme across multiple studies in both healthy and
inflamed placenta [24, 25, 29]. In line with this, cultured
male trophoblasts from healthy term placentas produce
more TNFa and less IL-10 than female trophoblasts in
response to lipopolysaccharide [30].

Beyond differences in inflammatory signaling, a meta-
analysis of transcriptome data from term placentas by
Buckberry et al. [27] observed 142 genes differentially
expressed (DE) between male and female placentas,
with>60% being autosomal, including genes related to
gene transcription, cell growth, proliferation, and hor-
mone signaling. Higher female expression from the
LHB-CGB cluster was detected, which includes genes
involved in placental development, maintenance of preg-
nancy and maternal immune tolerance of the conceptus.
Osei-Kumah et al. [25] and Sedlmeier et al. [28] reported
that female placentas at term are more responsive to
changes to both maternal inflammation and diet, with
male placental gene expression appearing less sensitive
to environmental perturbations. Given the central roles
of hormonal and immune regulation in the production
of pregnancy pathologies like preterm birth, these pla-
cental differences likely play a major precipitating role in
sex-biased pregnancy complications and fetal outcomes
if they are also present in the placenta earlier in gestation.

Differences in transcript and protein abundance in
term placentas are informative but given the rapid and
dynamic development of the human placenta [31], sex
differences that exist at term are unlikely to align pre-
cisely with those present at earlier stages when the fetal—
maternal interface is being formed and the foundations of
a healthy or diseased pregnancy are established. Several
groups have performed transcriptomic profiling of the
first-trimester human placenta (reviewed by Yong and
Chan [32], 2020: Table 1), however fetal sex as a variable
in these datasets is often left unreported or, if reported,
is not directly analyzed. In the recent years, four studies
have examined fetal sex in early human placental devel-
opment (Table 1) [33-36]. In the following sections, we
review these findings and consider the evidence for the
genetic, hormonal and immune mechanisms that are the-
orized to account for sex differences in early human pla-
centa and highlight the cellular and molecular processes
that are most likely to be impacted by fetal sex.

The sex chromosomes

Sex chromosomes account for the earliest, most pro-
nounced, and most reproducible sex differences in gene
expression (23). Potential sources of variation related to
sex chromosome complement include expression from
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the Y chromosome in XY males and selective expression
from the second X chromosome in XX females.

An early model of sex chromosome gene dosage com-
pensation held that male cells contain one X chromo-
some and one Y chromosome, while female cells contain
one active and one compacted and inactive X known as
a Barr body [37, 38]. This inactivation of one X theoreti-
cally ensures that XX transcription matches the dosage
in XY males, leading to the model: 1 active X — female
phenotype, 1 active X 4+ Y — male phenotype. This simple
model is complicated by the existence of the two human
pseudoautosomal regions (PARs 1&2), which are not
inactivated in XX cells [39, 40], and later by the discov-
ery of other X transcripts located outside of the X chro-
mosome PARs that escape inactivation in a variable and
cell-specific manner [41]. Extraembryonic tissues share
the sex karyotype of the fetus, and genes in all these cat-
egories are likely to play some role in producing sex dif-
ferences in human placenta.

Pseudoautosomal genes in placenta

Pseudoautosomal regions (PARs) are short nucleotide
sequences on the ends of sex chromosomes exhibiting
homology between the X and Y. They are not inacti-
vated in XX cells and exhibit X and Y variants that can
be distinguished via PCR and high-throughput sequenc-
ing. PAR1, the larger and better characterized PAR,
is located at the ends of Xp/Yp and contains at least 24
genes encoding proteins involved in functions including
transcriptional regulation, RNA splicing, signal transduc-
tion, and cell adhesion [42]. PAR2, located at the ends of
Xq/Yq, is evolutionarily recent and unique to humans,
making humans the only species known to have 2 dis-
tinct PARs [43]. Interestingly, both PARs are enriched for
genes that underlie immune signaling, including IL3RA,
IL9R, CSF2RA, and CD99 (Table 2). PAR1 gene ASMTL,
PARI1 pseudogene CD99P1, and PAR2 gene VAMP7 were
upregulated in the male placenta at mid-gestation [35],
likely attributable to increased expression from the Yq
allele. In a sex-based reanalysis of Soncin et al. (21, GEO
accession number: GSE107824) both CD99 and VAMP7
trended towards upregulation in cytotrophoblasts from
across gestation in male fetuses compared to females. In a
meta-analysis of sex differences in human term placenta,
PAR1 genes were shown to be elevated in males [27],
suggesting that this may be a persistent bias throughout
development. PAR gene dosage is altered in sex chromo-
some aneuploidies such as XXY (Klinefelter syndrome)
and monosomy X (Turner syndrome), and abnormal
gene dosage of PAR genes is thought to contribute to the
elevated risk of pregnancy complication and spontaneous
abortion in aneuploid sex chromosome karyotype preg-
nancies [44—46].
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Table 2 Gene symbols and full gene names of all transcripts mentioned

HGNC gene symbol HGNC gene name

ARHGEF9 Cdc42 guanine nucleotide exchange factor 9 [HGNC:14561]
ARMCX3 Armadillo repeat containing X-linked 3 [HGNC:24065]
ARMCX6 Armadillo repeat containing X-linked 6 [HGNC:26094]

ASMTL Acetylserotonin O-methyltransferase like [HGNC:751]

BMPR2 Bone morphogenetic protein receptor type 2 [HGNC:1078]
BRCC3 BRCA1/BRCA2-containing complex subunit 3 [HGNC:24185]
BSG basigin (Ok blood group) [HGNC:1116]

CI1QTNF1 Clgand TNF related 1 [HGNC:14324]

CANT1 Calcium activated nucleotidase 1 [HGNC:19721]

CAPN6 Calpain 6 [HGNC:1483]

CCL13 C-C motif chemokine ligand 13 [HGNC:10611]

CCL3 C-C motif chemokine ligand 3 [HGNC:10627]

cCL4 C-C motif chemokine ligand 4 [HGNC:10630]

CCRL2 C-C motif chemokine receptor like 2 [HGNC:1612]

CD99 CD99 molecule (Xg blood group) [HGNC:7082]

CD99P1 CD99 molecule pseudogene 1 [HGNC:7083]

CDC34 cell division cycle 34, ubigiutin conjugating enzyme [HGNC:1734]
CHM CHM Rab escort protein [HGNC:1940]

CIRBP Cold inducible RNA binding protein [HGNC:1982]

COL1AT Collagen type I alpha 1 chain [HGNC:2197]

COL4A1 Collagen type IV alpha 1 chain [HGNC:2202]

COX6B1 Cytochrome c oxidase subunit 681 [HGNC:2280]

CSF1 Colony stimulating factor 1 [HGNC:2432]

CXCL8 C-X-C motif chemokine ligand 8 [HGNC:6025]

CYB561A3 Cytochrome b561 family member A3 [HGNC:23014]

DDX3X DEAD-box helicase 3 X-linked [HGNC:2745]

DDX3Y DEAD-box helicase 3 Y-linked [HGNC:2699]

ECH1 Enoyl-CoA hydratase 1 [HGNC:3149]

EGFL6 EGF like domain multiple 6 [HGNC:3235]

EID2 EP300 interacting inhibitor of differentiation 2 [HGNC:28292]
EIFTAX Eukaryotic translation initiation factor 1A X-linked [HGNC:3250]
EIFTAY Eukaryotic translation initiation factor 1A Y-linked [HGNC:3252]
EIF2S3 Eukaryotic translation initiation factor 2 subunit gamma [HGNC:3267]
ENG Endoglin [HGNC:3349]

ERBB2 erb-b2 receptor tyrosine kinase 2 [HGNC:3430]

FAU FAU ubiquitin like and ribosomal protein S30 fusion [HGNC:3597]
FCGBP Fc fragment of IgG binding protein [HGNC:13572]

FN1 Fibronectin 1 [HGNC:3778]

GAA Alpha glucosidase [HGNC:4065]

GLA Galactosidase alpha [HGNC:4296]

GPR108 G protein-coupled receptor 108 [HGNC:17829]

GPR137 G protein-coupled receptor 137 [HGNC:24300]

HDACS8 Histone deacetylase 8 [HGNC:13315]

HLA-C Major histocompatibility complex, class I, C [HGNC:4933]
HSPA4 Heat shock protein family A (Hsp70) member 4 [HGNC:5237]
HSPAS Heat shock protein family A (Hsp70) member 5 [HGNC:5238]
IFNG Interferon gamma [HGNC:5438]

IL10 Interleukin 10 [HGNC:5962]

IL1B Interleukin 1 beta [HGNC:5992]
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HGNC gene symbol HGNC gene name

ILTRL2 Interleukin 1 receptor like 2 [HGNC:5999]

IL36RN Interleukin 36 receptor antagonist [HGNC:15561]

IL6 Interleukin 6 [HGNC:6018]

INSR Insulin receptor [HGNC:6091]

IQSEC2 |Q motif and Sec7 domain ArfGEF 2 [HGNC:29059]

[TGAS Integrin subunit alpha 5 [HGNC:6141]

ITGB8 Integrin subunit beta 8 [HGNC:6163]

KDM5C Lysine demethylase 5C [HGNC:11114]

KDM5D Lysine demethylase 5D [HGNC:11115]

KDM6A Lysine demethylase 6A [HGNC:12637]

LAMA1 Laminin subunit alpha 1 [HGNC:6481]

LAMB1 Laminin subunit beta 1 [HGNC:6486]

LGALS13 Galectin 13 [HGNC:15449]

LGALS14 Galectin 14 [HGNC:30054]

LSM7 LSM7 homolog, U6 small nuclear RNA and mRNA degradation associated
[HGNC:20470]

MAGEA4 MAGE family member A4 [HGNC:6802]

MAOA Monoamine oxidase A [HGNC:6833]

MRPL54 Mitochondrial ribosomal protein L54 [HGNC:16685]

MXRAS5 Matrix remodeling associated 5 [HGNC:7539]

NDUFA11 NADH:ubiquinone oxidoreductase subunit A11 [HGNC:20371]

NLGN4Y Neuroligin 4 Y-linked [HGNC:15529]

NUDT10 nudix hydrolase 10 [HGNC:17621]

OFD1 OFD1 centriole and centriolar satellite protein [HGNC:2567]

OGT O-linked N-acetylglucosamine (GIcNAc) transferase [HGNC:8127]

PCDH11Y Protocadherin 11 Y-linked [HGNC:15813]

PORCN Porcupine O-acyltransferase [HGNC:17652]

PSG8 Pregnancy specific beta-1-glycoprotein 8 [HGNC:9525]

PUDP Pseudouridine 5-phosphatase [HGNC:16818]

RABACT Rab acceptor 1 [HGNC:9794]

RBM41 RNA binding motif protein 41 [HGNC:25617]

RGS1 Regulator of G protein signaling 1 [HGNC:9991]

RPS4X Ribosomal protein S4 X-linked [HGNC:10424]

RPS4Y1 Ribosomal protein S4 Y-linked 1 [HGNC:10425]

SCYL1 SCY1 like pseudokinase 1 [HGNC:14372]

SLC16A3 Solute carrier family 16 member 3 [HGNC:10924]

SMARCA1 SWI/SNF related, matrix associated, actin dependent regulator of chroma-
tin, subfamily a, member 1 [HGNC:11097]

SMCTA Structural maintenance of chromosomes 1A [HGONC:11111]

SMS Spermine synthase [HGNC:11123]

SPP1 Secreted phosphoprotein 1 [HGNC:11255]

STS Steroid sulfatase [HGNC:11425]

TBL1Y Transducin beta like 1 Y-linked [HGNC:18502]

TGFB1 Transforming growth factor beta 1 [HGNC:11766]

THOC2 THO complex 2 [HGNC:19073]

TIMP2 TIMP metallopeptidase inhibitor 2 [HGNC:11821]

TMEM164 Transmembrane protein 164 [HGNC:26217]

TMEM258 Transmembrane protein 258 [HGNC:1164]

TMSB4X Thymosin beta 4 X-linked [HGNC:11881]

TMSB4Y Thymosin beta 4 Y-linked [HGNC:11882]
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HGNC gene symbol HGNC gene name

TNC Tenascin C [HGNC:5318]

TNF Tumor necrosis factor [HGNC:11892]

TRAPPC2 Trafficking protein particle complex 2 [HGNC:23068]

USPOY Ubiquitin specific peptidase 9 Y-linked [HGNC:12633]

urty Ubiquitously transcribed tetratricopeptide repeat containing, Y-linked
[HGNC:12638]

VAMP7 Vesicle associated membrane protein 7 [HGNC:11486]

VVPS51 VPS51 subunit of GARP complex [HGNC:1172]

WNT3A Whnt family member 3A [HGNC:15983]

YIFTA Yip1 interacting factor homolog A, membrane trafficking protein
[HGNC:16688]

YIPF6 Yip1 domain family member 6 [HGNC:28304]

ZFX Zinc finger protein X-linked [HGNC:12869]

ZFY Zinc finger protein Y-linked [HGNC:12870]

ZMAT1 Zinc finger matrin-type 1 [HGNC:29377]

ZRSR2 Zinc finger CCCH-type, RNA binding motif and serine/arginine rich 2

[HGNC:23019]

Mechanisms of XX protection in placenta

In regions of the X chromosome outside of the PARs,
X-chromosome inactivation (XCI) normalizes gene dos-
age between XY males and XX females. Prior to XCI,
which occurs between implantation and tissue differenti-
ation, X-linked genes in XX cells are expressed from both
the paternal and maternal alleles. XCI is essential for the
development of XX conceptuses past the early embry-
onic stage [47] and occurs via epigenetic compaction of
either the paternal or maternal X chromosome into inac-
tive heterochromatin. In monotremes and marsupials,
X inactivation is imprinted, with the paternally derived
X inactivated in every cell. In Eutherians, the process of
X inactivation has become more nuanced, sometimes
parentally imprinted and other times randomized via
stochastic expression of the X-linked non-coding RNA
XIST. Murine extraembryonic tissues retain the selective
paternal X inactivation seen in non-Eutherian mammals,
however this imprint is lost and reset in the cells of the
inner cell mass, where a new round of random inactiva-
tion allows for mosaic paternal and maternal X expres-
sion (48-50).

In the human placenta, the existence of parentally
imprinted X inactivation has been a topic of controversy.
Some reports indicate skewed X inactivation [51-53],
and others report unbiased expression that suggests a
more random process matching that of the inner cell
mass [54, 55]. An archived report awaiting peer review
by Phung et al. [56] provides evidence for a clonal model
of X inactivation in placenta, suggesting that there
are regions of paternal X inactivation and maternal X

inactivation with an overall skew towards paternal inac-
tivation. Sampling bias including the timing, the exact
tissue compartment and other confounding factors may
help to resolve the puzzling and contradictory findings
in these studies. Two regions of opposite X inactivation
pooled together may appear randomly biallelic, and sam-
pling from only one region may lead to inaccurate reports
of single-parent X inactivation. In the future, a single-
nucleus approach will be essential to fully understanding
XCI in the placenta especially given the multinucleated
nature of the syncytium [57, 58].

The evolutionary movement away from strict pater-
nal X inactivation in Eutherians highlights the dynamic
balance of selection pressures on placental X expres-
sion. While inactivation of the paternal X through strict
imprinting may minimize contact between surveilling
maternal immune cells and possible foreign paternal anti-
gens, the genetic robustness conferred by mosaicism may
provide a survival benefit. Skewed but non-imprinted X
inactivation in placenta may reflect a process of inter-
nal selection, particularly in tissues where development
involves cellular competition for growth factors result-
ing in differential cell survival [41]. If one parent’s copy of
the X proves more advantageous to the survival of a given
cell type, those clones will prevail in that tissue and X
inactivation will appear skewed toward one parent with-
out the necessity of a priori genomic imprinting [59, 60].
This may help to explain observations of skewed, clonal X
inactivation in tissues like the placenta. The wide hetero-
geneity within and between individual placentas is also
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Fig. 1 Ideogram visualization of significant (p < 0.05) sex-biased gene expression on sex chromosomes comparing two datasets (G: Gonzalez et al,,
B: Braun et al.). Includes protein-coding RNA only. M: male (green triangles), F: female (orange circles)

suggestive of an ongoing evolutionary process, where dif-
ferent strategies are viable in different contexts [56].

In addition to the potential mutation-masking effect of
X mosaicism, XX karyotype comes with another advan-
tage. While the original model of X inactivation held that
the inactivated X is functionally silenced outside of the
PARs, it is now well established that select transcripts
can be expressed from the inactive X, showing biallelic
expression in a chromosome dosage-dependent manner
[41]. These XCI “escapees” account for a large portion
of the genes upregulated in the early XX placenta com-
pared to the XY placenta. In 2018, Gonzalez et al. showed
that out of 58 differentially expressed genes in the late
first-trimester placenta, over a third were X-linked genes
upregulated in female samples, and half of those genes
were known to escape X chromosome inactivation [33,
61]. Among this group, DDX3X, EIFIAX, KDMS5C,
KDM6A, OFDI, RPS4X, SMCIA, and ZFX were con-
firmed as upregulated in XX females (Fig. 1) a subsequent
analysis suggested that these genes escape X inactivation
in chorionic villus (CV) in a robust manner [35]. X-linked
genes BRCC3, CHM, EGFL6, EIF2S3, HDACS, MXRAS,
NUDTI10, PUDP, RBM41, SMARCAI1, STS, THOC2,
TRAPPC2, YIPF6, ZMATI, and ZRSR2 were also found
to be upregulated in females in one of the two datasets,
indicating that these genes may escape X inactivation

in a less robust fashion, potentially varying by cell type.
Indeed in a single cell transcriptomic analysis of the
maternal—fetal interface, trophoblast cells appeared to
have unique X chromosome genes upregulated in
females compared to males, which included MAGEA4
(melanoma associated antigen 4) and TMSB4X (thymo-
sin beta 4) [34]. Phung et al. have suggested that while a
small group of X genes reproducibly escape inactivation
across individuals and tissue regions (PLCXD1, GTPBP6,
PUDB, CSF2RA, SLC25A6, ASMTL, AKAP17A, DHRSX,
STS, EIF2S3, ZFX, DDX3X, KDM6A, DIPK2B, UBAI,
SMCIA, RENBP, FLN4), others exhibit variable and het-
erogeneous escape that varies between individuals and
between tissue regions in the same individual (CD99,
EGFL6, RPS6KA3, MBTPS2, SEPT6, CYBB, MEDI14,
USP9X, CDKl1e6, TIMP1, WDR13, MAGED2, OPHNI,
EFNBIM, PIN4, RPS4X, ATRX, TSPAN6, ACSL4, PLS3,
DOCKI11, IL13AR1, Cxorf56, GPC4, HTATSFI, GABRE,
BGN, AVPR2, ARHGAP4, HCFCI, IRAK1, MECP2) [56].
This finding may help explain variability in reports of the
specific transcripts that escape X inactivation in the pla-
centa and suggests that escape from X inactivation could
act as a tunable protective mechanism, providing unique
benefits in different cell types.

It is currently unknown whether XCI escapees play a
functional role in the early stages of human placentation,
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however X inactivation escapees have been shown to
contribute to female protection against mitochondrial
stressors in human third trimester placenta. Gong et al.
[58] demonstrated that the propylamine transferring
enzyme spermidine synthase (SMS) shows X inactiva-
tion escape in term placentas, and that its relative insuffi-
ciency in male placenta is associated with vulnerability to
mitochondrial stressors. It was observed that polyamine
metabolite diacetylspermine is higher in the female pla-
centa and in the serum of women pregnant with a female
fetus and correlated both with an increased risk of preec-
lampsia and a decreased risk of fetal growth restriction
(FGR). To our knowledge, this study provides the first
direct connection between sex differences in placental
gene expression, changes in metabolism, and pregnancy
outcome. In addition, Howerton et al. [62] demonstrated
that escapee gene O-GIcNAc transferase (OGT) medi-
ates female resilience to the effects of maternal psycho-
social stress in mice and found its abundance to be higher
in human female term placenta as well. OGT and SMS
were not found to be significantly differentially expressed
in 11- to 16-week CV, however expression patterns indi-
cate a trend toward higher expression in females which
is likely to increase over time [35], and may be more pro-
nounced when looking at individual cell types in the CV.
Functional studies of early human placentation to iden-
tify genes that escape XCI are ethically and technically
challenging but will become more feasible given recent
advances in 2D trophoblast stem cell models and 3D
trophoblast organoid models [63-65].

The Y chromosome

The Y chromosome is much smaller and gene-sparse
compared to the X, with most of its contents primarily
involved in spermatogenesis and male fertility [66]. Chief
among these is sex determining region Y (SRY), which
triggers a developmental cascade that converts the non-
differentiated fetal gonad to testis, leading to the produc-
tion of androgens such as testosterone from Leydig cells,
which then trigger the canonical hormonal masculini-
zation of the male fetus. A subgroup of Y chromosome
genes with X homologs outside the pseudoautosomal
regions have been shown to be essential for embryonic
development, primarily through chromatin modification
and RNA splicing [66].

Gene expression from the Y chromosome is detected
in early CV samples, with DDX3Y, EIFIAY, KDMS5D,
PCDH11Y, RPS4Y1, USP9Y, UTY, and ZFY expressed
consistently in males across datasets (Fig. 1). Addition-
ally, transcripts NLGN4Y, TBL1Y, and TMSB4Y were
detected in a similar analysis which sequenced a broader
variety of RNA types [33]. Single cell sequencing of
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villus tissues collected from late first-trimester healthy
pregnancies showed that Y transcripts such as DDX3Y,
EIFIAY, RPS4Y1 were specifically upregulated in male
placental cell types including trophoblasts, stromal cells
and Hofbauer cells [34].

Importantly, male chorionic villus expresses several
Y chromosome transcripts that correspond to peptides
that compose the human H-Y antigen, which is detect-
able in syncytiotrophoblast debris [67]. Several of these Y
transcripts correspond to peptides that are presented by
the major histocompatibility complex (MHC), including
KDMS5D, DDX3Y, ZFY, and UTY, which were expressed
in early CV in two separate analyses (Fig. 1). In single cell
analysis, DDX3Y was expressed consistently across differ-
ent cell types such as trophoblasts, stromal cells and Hof-
bauer cells in early pregnancy with a male fetus [33-35].

X chromosome expression in the male placenta

While the majority of upregulated genes in early male
placenta were Y-linked, three X-linked genes (ARH-
GEF9, ARMCX3, and ARMCX6) were also identified
as upregulated by Gonzalez et al. [33], perhaps due to
upstream Y-linked genes or downregulation of the sec-
ond X chromosome in females. Interestingly, the protein
encoded by ARMCX3 regulates migration and invasion
in tumor cells, functions which are also relevant to pla-
centation. ARMCX6 was also found to be upregulated in
male term placenta [26], suggesting that this trend may
persist throughout placental development. Additionally,
Braun et al. [35] found the X chromosome genes CAPNG,
GLA, IQSEC2, MAOA, PORCN, and TMEM164 to be
upregulated in males relative to females. These compari-
sons suggest that complex sex-linked regulation of gene
expression beyond the effect of X dosage compensation
likely occurs.

Autosomal sex differences in early placenta

As expected, the most pronounced differences in gene
expression between male and female placentas have
consistently been localized to the sex chromosomes,
however widespread differences in autosomal gene
expression have been detected as well, and account for
some of the most dynamic developmental sex differences
in gene expression (33, 35) found that 31% of differen-
tially expressed sex chromosome genes detected in the
late first trimester were also DE in term placenta tissue.
However, there was no overlap in the sex-based DE auto-
somal genes between early and term placenta, suggesting
that sex-selective transcriptional programs correspond
to specific developmental stages. This observation high-
lights the need to examine placental gene expression and
function across gestation.
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Chromosomal location of DE genes

Braun et al. [35] found that the group of autosomal
genes upregulated in females was distributed widely
throughout the genome, while the autosomal genes
upregulated in males were clustered in particular loci
including Chr11q13.1 (CYB561A3, FAU, GPR137, SCYLI,
TMEM?258, VPS51, YIFIA), Chrl7q25.3 (CIQTNFI,
CANTI1, GAA, SLC16A3, and TIMP2), Chr19p13.11-13
(ATP5D, BSG, CIRBP, CDC34, GPR108, LSM7, MRPL54,
NDUFA1I), and Chr19q11-13 (COX6B1, ECHI, EID2,
LGALS13, LGALS14, RABACI, and PSGS8). In these latter
two loci, the male-upregulated DE genes were enriched
for mitochondrial transcripts, as well as placenta and
pregnancy specific factors that are particularly impor-
tant for early placental function. Some of these preg-
nancy specific factors on chromosome 19q13 have been
linked to preeclampsia, including the galectin LGALS13
(PP13), a putative early pregnancy biomarker for pla-
cental dysfunction [68]. Expression from the CGB-LHB
cluster at Chr19p13 was also observed to be sex-biased
at term [27], but in that case the expression was elevated
in females. Localized enrichment of genes upregu-
lated in males was not a prominent feature in the Gon-
zalez dataset, perhaps due to differences in gestational
age (10-13 weeks vs. 11-16 weeks), RNA type (total vs.
messenger), analysis pipeline, sample type (CV biopsy
vs. elective termination tissue), demographic variability,
and/or cell type composition of the samples. Due to these
factors, it is important for samples to be as clearly char-
acterized as possible for direct comparison.

Functional associations of DE genes

Multiple analyses of the first-trimester placental tran-
scriptome found chromatin modification, transcription,
splicing, translation, signal transduction, metabolic regu-
lation, cell death and autophagy regulation, and ubiquit-
ination were DE between male and female placenta [33,
35]. All current studies of early placenta found sex differ-
ences in cell adhesion and cell-cell interaction [33-35],
making this functional category one of the most consist-
ent and pronounced sex differences in early human pla-
cental transcription (Fig. 2).

In a single cell analysis of paired decidual and placenta
samples, 59 differentially expressed receptor-ligand
pairs were detected between placenta and decidua in
male fetus pregnancies [34]. Male-upregulated placental
receptors include ENG, ERBB2 and INSR, and upregu-
lated maternal decidual ligands include COLIA1, HSPAS,
and TGFBI. Males showed endoglin (ENG) upregula-
tion in bulk CV as well [35], a TGF-beta-related integral
membrane component that plays an important role in
developmental tissue invasion and vascular remodeling
[69]. In line with other observations in bulk CV, the male
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Fig. 2 Functional associations of DE transcripts in male CV (green)
and female CV (orange)

trophoblast transcriptome appeared to be enriched for
protein translation, mitochondrial and ribosomal func-
tions [34]. Evidence suggests this sex difference may
persist throughout gestation [70, 71], perhaps reflecting
enduring differences in energy metabolism, oxidative
stress, or hormone synthesis.

Upstream regulators of DE genes

While transcriptomic datasets may vary at the level of
individual genes, robust sex differences in placental gene
expression can be best detected at the pathway level [25].
The Ingenuity Pathway Analysis (IPA) Comparison Anal-
ysis tool was used to compare Braun et al. [35] and Gon-
zalez et al. [33] (Table 3). This analysis was restricted to
protein-coding RNAs which were included in both data-
sets and showed appreciable overlap in terms of canonical
pathways and upstream regulators. Both datasets high-
lighted the mTOR pathway as upregulated in males. This
matches with observations by Sedlmeier et al. [28, 72] as
well as in a meta-analysis of human placenta which found
mTOR to be a consistent point of sex differences at term
[27]. The mTORC1 and mTORC2 complexes are master
regulators of anabolic growth and organism size, and this
consistent trend toward male elevation likely contributes
to the establishment and maintenance of sexual dimor-
phism. Males also showed upregulation of the Endocan-
nabinoid Cancer Inhibition related pathway, as well as
PPAR, a regulator of energy homeostasis, and NRF2 Oxi-
dative Stress signaling pathways. Females also showed
consistency in the predicted upregulation of the ferrop-
tosis cell death pathway, as well as MAP kinase family
member ERK5, which has been shown to be critical for
vascular development and endothelial function [73, 74].
Predicted upstream regulators that overlap between the
datasets included microRNA miR-30c-5p, which exhibits
sex-dependent expression in colorectal cancer in rela-
tionship to estrogen receptor, as well as mitochondrial
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Table 3 Ingenuity pathway analysis (IPA) comparison analysis of Gonzalez 2018 [33] and Braun 2020 [35]

Canonical pathways Gonzalez 2018 Braun 2020
Category Z score
mTOR signaling 1 1.633
Ferroptosis signaling pathway — 0816 — 0816
ERK5 signaling — 0447 -1
Endocannabinoid cancer inhibition pathway 1 0.333
PPAR signaling 1 0.302
NRF2-mediated oxidative stress response 0447 0447
Upstream regulators Gonzalez 2018 Braun 2020
Category Z score
ESR1 —2927 — 2822
CD24 —1.987 — 3308
CPT1B —1.131 —3.582
miR-30c-5p (and other miRNAs w/seed GUAAACA 1.89 2.796
PTPRR —1.987 —228
ASPSCR1-TFE3 2236 1.897
CD38 1.987 2123
Mifepristone 1.8 2.142
PKD1 148 2414
AR —1.998 —1.842
GSKJ4 —1.342 — 2449
Firre 2 1.706
Tetraethylammonium -2 —1.633
EGF 1.85 1.694
Valproic acid — 137 - 1977
TRAP1 —1.342 -2
Pirinixic acid 0412 2.899
FN1 — 2236 —1.014
TCF4 1 2.1698
XBP1 1.945 1212
ERBB2 2.709 0.358
SYVN1 2.449 0577
TSC2 — 1.564 — 1412
Topotecan 0.853 2111
BMP4 1.869 1.021
Tamoxifen 1424 1.373
Benzo(a)pyrene 14 1.39
SMARCAS5 —0378 —2236
IGF2BP1 — 0958 —1.633
UBQLN2 —1.387 — 0816
Mek —1.187 —0.982
MYCL —1.98 —0.104
KLF3 1.155 0.728
Diseases and functions
Category
Morbidity or mortality 1.118 3.865
Organismal death 1.039 3671
Congenital encephalopathy 0.928 2.623
Abdominal cancer 1.557 1.972

Abdominal neoplasm 1.247 2212
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Table 3 (continued)

Upstream regulators Gonzalez 2018 Braun 2020

Category Z score
Hematologic cancer 0.872 2.544
Abdominal carcinoma 1.842 1.504
Myeloid or lymphoid neoplasm 0.492 2.764
Neoplasia of blood cells 0377 2.84
Formation of solid tumor 1.952 1.223
Solid tumor 1.375 1.765
Tumorigenesis of epithelial neoplasm 1.635 1475
Malignant solid organ tumor —1.091 — 1.969
Intraabdominal organ tumor 0976 2.081
Skin cancer — 1.067 — 198
Development of digestive organ tumor 1.238 1.709
Frequency of tumor 1.687 1.181
Non-melanoma solid tumor 1.217 1.643
Cancer 1.178 1.298
Malignant solid tumor 1456 0.981
Extracranial solid tumor 1.098 1.309
Growth failure or short stature 0.16 2.221
Incidence of tumor 1.183 1.175
Development of malignant tumor 1.368 0.849
Digestive organ tumor 0.588 1.587
Malignant genitourinary solid tumor 1.719 0437
Infection by RNA virus 1.067 0.994
Infection of cells 1.319 0.716
Development of carcinoma 13 0.623
Infection by HIV-1 1.11 0.729
HIV infection 1.11 0.729
Digestive system cancer 0.368 1.46
Viral infection 0.448 1.367
Head and neck tumor —1.308 — 0437
Skin tumor —1.069 — 0634
Brain lesion — 091 —0.681
Renal lesion 0.651 0.883
Urinary tract tumor 0.152 1.342
Anogenital cancer 1.193 0.269
Connective or soft tissue tumor 1.331 0.113
Development of urinary tract - 097 — 0391
Infection of embryonic cell lines 0.137 1.213
Genital tumor 0.446 0.763
Pelvic tumor 0.11 1.04

Activation z-score represents the inferred activation states of predicted transcriptional regulators based on the IPA molecular network. Positive values = activated in
male and/or inhibited in female, negative values =activated in female and/or inhibited in male, (IPA version update 12/13/2020)

enzyme CPTI1B, a carnitine palmitoyltransferase that
is part of the long-chain fatty acid beta-oxidation path-
way, and a MAPK pathway growth regulator PTPRR in
females, along with lymphocyte-related immune regula-

tors CD24 in females and CD38 in males.

Upstream regulators of sexually dimorphic receptor—
ligand pairs identified in matched placenta and decidua
included cytokines CSF1, IFNG, ILIB, IL6, IL10, SPPI,
TNF, and WNT3A [34]. 32 receptor-ligand pairs were
selectively upregulated between female placenta and
decidua with the most significantly female-upregulated
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placental receptor, ITGBS8, interacting with decidua-
expressed ligands COL4A1, FNI1, LAMAI, and LAMBI.
Additionally, IL36RN is upregulated in female first-tri-
mester placenta and binds to decidua-expressed ILIRL2.
This receptor may play a critical role in migration and
invasion potential for proper implantation and placen-
tation. This female-specific extracellular matrix-related
signature aligns with observations in bulk tissue which
found a network of collagens, integrins, and laminins to
be selectively upregulated in CV of females [35].

Sex differences in placental immune genes

Transcriptome profiling of early to mid-gestation pla-
centa reveals that immune signaling is a hub of early pre-
natal sex differences, a trend noted in all first trimester
datasets [33—35]. This observation matches the sex dif-
ferences in immune signaling in term placenta outlined
above. Sex differences in immune-related signaling are
pronounced in postnatal life [75], and appear to tran-
scend the unique tissue properties of placenta and the
distinct hormonal microenvironment of pregnancy.

In a comparison of 11- to 16-week male and female
bulk tissue CV, immunomodulators were identified as
some of the most highly differentially expressed [35].
In particular, placenta-specific galectins LGALSI13, also
known as pregnancy associated protein 13 (PPI3) and
LGALSI14, also known as pregnancy associated protein
13-like (PPL13) were upregulated in male CV. Atypi-
cal expression of these secreted immunomodulators has
been associated with a number of different gestational
pathologies including spontaneous abortion and preec-
lampsia [68, 76] and therefore may contribute to the sex
differences noted in these disease processes. LGALS13
and LGALS14 have been shown to induce apoptosis
of cytotoxic T cells, and their presence in fetal syncy-
tiotrophoblast suggests that they may act as mediators
of placental interaction with maternal immune -cells.
Some theorize that H-Y antigen recognition by maternal
immune cells contributes to elevated rates of secondary
recurrent miscarriage following prior male fetus preg-
nancies [77]. Therefore, it may benefit the survival of a
male fetus to establish heightened protection against
maternal lymphocyte recognition in the event that H-Y
antigens come in contact with maternal lymphocytes and
trigger MHC-mediated recognition. It has also recently
been demonstrated that LGALS13 polarizes human neu-
trophils to a growth-promoting regulatory phenotype
[78], suggesting that this class of immunomodulators may
play a pleiotropic role in tolerizing immune cell types
normally associated with rejection and tissue damage.

In the same analysis, CCRL2 was found to be among
the most upregulated in the male placenta. This atypical
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chemokine receptor subunit increases neutrophil che-
moattraction in a mouse model via interactions with
CXCR2 [79]. Others have demonstrated an increase
in tissue resident neutrophils in the second-trimester
decidua, which take on a proangiogenic phenotype and
may provide pathogen protection at the fetal-maternal
interface [80]. Therefore, it may be useful to consider
fetal sex when exploring the role of maternal lympho-
cytes and neutrophils in pregnancy maintenance and
loss, especially since these cells types can be critical
determinants of immune tolerance or rejection. It is
also interesting to note that in a meta-analysis of tran-
scription in adult neutrophil and T cell-related genes
emerged as sex-linked signatures [81], raising the pos-
sibility that sex differences observed in early placenta
share commonalities with postnatal sex differences
in other tissues, despite the unique hormonal and
immunologic niche that a developing human placenta
inhabits.

A single cell analysis of the interface provided cell-
specific insight into sex-dependent immune interac-
tions at the fetal-maternal interface through single
cell analyses that examine trophoblasts, stromal fibro-
blasts, Hofbauer cells, antigen presenting cells, and
endothelial cells with single cell RNA sequencing
[34]. Sun et al. found that female trophoblasts are
enriched in the cytokine-mediated signaling path-
way and respond to various compounds and stimuli.
Chemokines CCL3, CCL4, CXCL8 were found to be
upregulated in female trophoblasts. CCL3 and CCL4
are ligands which bind to decidua-expressed receptors
CCR1 and CCR5, involved in recruitment of natural
killer (NK) cells and monocyte migration. The authors
also found CCLI3 and RGSI upregulated in female
Hofbauer cells, which may increase M2 phenotype to
induce Th2 response. HLA-C was upregulated in male
trophoblasts, along with FCGBP, an IgGFc-binding
protein which showed similar male-selective upregula-
tion in bulk tissue [35]. As noted above, an Ingenuity
Pathway Comparison Analysis of CV samples high-
lighted shared upstream regulators, CD24 activated in
females and CD38 activated in males, both thought to
influence immune cell development and lymphocyte
function. Taken together, it appears that chemokine
signaling and other mediators of cell-cell immune
interaction are a promising area of investigation to
understand the nature and impact of sex differences in
early human placentation.

Sex steroid hormones in placenta

Sex differences in early placental development and
fetal-maternal interaction can initially be explained
by a cell-intrinsic effect of sex karyotype, resulting in
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differential expression from sex chromosomes and auto-
somes. Indeed, differences in autosomal transcription in
XX and XY conceptuses exist before the onset of testis
development [23]. The onset of fetal gonadal hormone
production is likely to add a layer of modulation that
interacts with cell-intrinsic mechanisms to influence
autosomal gene expression in the placenta in complex
ways. The role of androgens and their receptors in pla-
centa has recently been reviewed by Meakin et al. [82],
with complementary discussion provided here.

Regulation of the gestational hormonal environment
operates as an axis split between the maternal, placental,
and fetal compartments (Fig. 3a). Rate-limiting enzymes
and their substrates are segregated between these com-
partments to allow precise control of biosynthesis, which
depends on the maternal hypothalamic pituitary axes, the
syncytium of the chorionic villus, as well as the fetal liver,
adrenals, and gonads. [83, 84]. Sulfonation of steroids
in the fetal compartment is a major mechanism of sex
steroid control that renders both estrogens and andro-
gens largely inactive in fetal circulation by inhibiting the
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steroid hormones from crossing the cell membrane to
influence transcription. Steroid sulfatase (STS) is highly
expressed in the placenta and catalyzes the conver-
sion of sulfated steroid precursors to the unconjugated
active form [85]. STS is located on the X chromosome
and appears to escape inactivation, showing elevated
expression in the first-trimester female placenta [33]. STS
provides a direct link between sex karyotype and sex-
dependent hormone signaling in placental tissue and is a
promising candidate for future investigation of placental
sex differences.

In both studies of the first trimester CV transcriptome,
Cytochrome P450 subfamily 11 alpha 1 (CYP11A1l) is
significantly upregulated in male placenta [33, 35]. This
syncytiotrophoblast-specific enzyme performs the rate-
limiting step in the conversion of maternally derived cho-
lesterol to pregnenolone, which acts as the precursor to
all steroid hormones including estrogens and androgens.
It is possible that this upregulation in males is related to
the role pregnenolone plays as a precursor to testoster-
one in the fetal testes, however this is only one of many
possibilities that should be examined further.

During the first trimester of male prenatal develop-
ment, placental human chorionic gonadotropin (hCG)
induces the differentiation of testicular mesenchymal
cells into Leydig cells and stimulates testosterone pro-
duction, the control of which is taken over by the fetal
pituitary gland in the ninth gestational week [86]. Cir-
culating testosterone levels in fetal plasma are correlated
with biosynthesis in the fetal testis beginning around
gestational weeks 8-10, suggesting that this is the pri-
mary canonical source for fetal androgens at this stage
[87]. Secretion of testosterone from the fetal testes into
fetal circulation begins around week 10 and peaks in
the middle of the second trimester at week 16, reaching
concentrations similar to a post-pubertal male. Endo-
crine crosstalk between fetal testes and the placenta is
an essential part of sexual differentiation [88], however it
has not yet been established whether circulating fetal tes-
tosterone has a reciprocal influence on placental function
during the mid-gestational androgen peak.

An alternative androgen production pathway involving
the placenta has been proposed by O’Shaughnessy et al.
[89]. In this “backdoor” pathway, placental progesterone
gives rise to androsterone that replaces testosterone as
the source of circulating androgen precursor, which is
converted by AKR1C2 and 5 alpha reductase (SRD5A2)
to dihydrotestosterone (DHT) in the target tissue
(Fig. 3b). Sex differences were observed in concentrations
of fetal testosterone and fetal androsterone in second tri-
mester fetal blood from electively terminated pregnan-
cies. The placental compartment is likely required but
not sufficient in the androsterone to DHT conversion
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process, which also depends on enzymatic conversions
in fetal liver, adrenals, and testes in a multi-step process.
Placental syncytiotrophoblast does express the androgen
receptor (AR) that binds to DHT, and AR is expressed at
low but similar levels between sexes in 11- to 16-week
placentas [35]. The enzymes SRD5A2 and AKR1C2 are
necessary for the local conversion of circulating precur-
sors to active DHT via the canonical and non-canonical
pathways, respectively, and their expression was unde-
tectable in CV, suggesting that the developing CV is not
able to effectively convert precursor hormones to DHT
locally. Placental aromatase Cytochrome P450 Family 19
Subfamily A Member 1 (CYP19A1) is expressed highly
in both sexes with no difference between fetal sexes from
11 to 16 weeks, however the abundance of the protein
products of these genes was not quantified. It is there-
fore possible that fetal DHT is being produced locally and
signaling through AR occurs at a low level in the placenta
at this stage., This capacity may increase over time and
come under the influence of fetal sex through yet unchar-
acterized mechanisms [90].

Maternal androgens also increase over the course
of gestation at levels that are similar between male and
female-fetus pregnancies, but are elevated in male
preeclamptic pregnancies compared to normotensive
pregnancies of both sexes and female pregnancies with
preeclampsia [91]. Maternal androgens are normally
buffered from fetal circulation via conversion to estro-
gen by CYP19A1 to prevent inappropriate virilization
[90]. It is probable that the DHT bound by placental AR
is maternal in origin, as uterine tissues have been shown
to express SRD5A2 more highly than placenta itself [92],
and the AR is localized specifically to the syncytium,
which is in direct contact with maternal blood.

While the means by which fetal sex influences this
type of hormone receptor signaling remains to be estab-
lished, observations by Sun et al. support a role for fetal
androgens driving sex differences in gene expression at
the maternal/fetal interface via the upstream regulator
DHT binding to AR and impacting sexually dimorphic
genes in the trophoblast population. Additionally, a com-
parison analysis of Gonzalez and Braun with the updated
IPA software limited to protein-coding RNA does show
both AR and Estrogen Receptor (ESR) among the list
of upstream regulators (Table 2). Perhaps contrary to
expectations, both AR and ESR signaling was shown to
be activated in females and/or inhibited in males in both
datasets. By the end of the first trimester, the placenta
takes over from the corpus luteum as the primary source
of the estrogens estradiol (E,) and estriol (E;). While
sex differences in the abundance and influence estro-
gens have not yet been reported in the developing pla-
centa, this common finding suggests that a more direct
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investigation of the placental compartment may uncover
some, perhaps related to previously outlined sex differ-
ences in gene expression of regulatory genes like STS and
CYP11A1 [33, 35].

Much of what is known about fetal hormone levels is
derived from measurements in cord blood. Interestingly,
when hormone levels in term cord blood were com-
pared with levels in the placenta by Sedlmeier et al. [28],
they found that while levels of free testosterone in cord
blood were significantly higher in males than females
as expected, these levels did not correlate with those in
placental tissue itself. In the placenta, testosterone lev-
els were actually observed to be significantly higher in
females than males in pregnancies exposed to an n-3 long
chain polyunsaturated fatty acid (n3LCPUFA) enriched
diet. Authors also observed an elevated estradiol/testos-
terone ratio in males from the same treatments, which
they concluded to be driven by elevated testosterone in
females and not by differences in estradiol. These findings
run contrary to predicted associations between karyo-
typic sex and sex steroid hormone levels and suggest that
hormone measurements in cord blood may not be the
best proxy for levels in placenta itself.

Of the genes Sedlmeier et al. [28] found to be differen-
tially expressed by sex in term placenta, only one gene in
the Wnt family correlated moderately with estradiol lev-
els. None of the DE genes contained androgen response
elements or correlated with testosterone levels, while
four genes in the Wnt family contained estrogen recep-
tor alpha response elements. These data do not support
a strong role for sex steroid driven expression in placenta
at term, however this stage of development is not char-
acterized by pronounced sex differences in hormone
levels and it is possible that hormone-driven expression
is more detectable at earlier stages, as indicated by the
proposed upstream regulators in Table 2. Observations
from week 11 to 16 suggest that sex differences in auto-
somal gene expression are unlikely to be explained solely
by the impact of gonadal fetal androgen exposure, as sex
differences over this gestational window do not correlate
strongly with the predicted course of the fetal testoster-
one peak in males [35]. However, given that androgen
production can vary in timing and plasma concentrations
between individuals [88, 93], circulating levels may not
represent the levels in CV tissue, and hormone-driven
responses may vary by cell type, therefore potential cor-
relations may be difficult to detect. Further examination
of sex differences in steroid hormone dynamics in the
placenta will be necessary to solve this puzzle, with par-
ticular attention paid to the role of hormone synthesis
and sulfonation in the placenta itself.
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Sex differences in microRNA in human placenta

Consisting of single-stranded non-coding RNA mol-
ecules approximately 22 nucleotides in length [94],
microRNAs (miRNAs) regulate mRNA transcription and
translation [95]. MiRNAs are enriched on the X chromo-
some and have been shown to be responsive to estrogens
[96], suggesting that sex differences in miRNA expression
can be produced both by the previously outlined mech-
anisms of XCI escape, as well as by sex hormone medi-
ated transcription. MiRNA have emerged as new frontier
in the study of placenta sex, with two recent studies on
term placenta reporting differences in miRNA expression
in male and female term placenta. Guo et al. [97] found
32 miRNA differentially expressed, with the male-selec-
tive transcripts annotated as evolutionarily younger and
enriched in endocrine functions, and female selective
transcripts enriched for the imprinted miR-379 cluster
on Chr14 (C14MC) which linked to estradiol, glucocor-
ticoids, and brain-specific mRNA targets. In their study
of the interaction of placental sex and maternal n-3 LCP-
UFA dietary supplementation, Sedlmeier et al. [72] high-
lighted miR-99a as differentially expressed by sex and
modulated by maternal diet, linking its expression to sex
differences in mTOR-related mRNA expression. The link
to mTOR may help to explain the mechanisms under-
lying sexual dimorphism in fetal growth. A sex-linked
upstream regulator of miR-99a has yet to be identified,
and it remains possible that these differences could be
downstream of hormone signaling or sex karyotype.

In the largest miRNA sequencing study to date of
healthy first-trimester and third-trimester placentas,
Flowers et al. found 11 and 4 miRNAs differentially
expressed by sex in each trimester, respectively, all ele-
vated in female-fetus pregnancies. Six of these miRNAs [4
first trimester, 2 third trimester] had loci on the X chro-
mosome, but the majority were on autosomes. Greater
sexual dimorphism was present in the first trimester and
one X-linked miRNA, miR-361-5p, was significant in
both the first and third trimester [36]. While the sexu-
ally dimorphic microRNAs that have been detected in
placenta are mostly located in autosomal loci, the high-
est density (10%) of human microRNAs are located on
the X chromosome. It is possible that an X dosage effect
may contribute to observed sex differences as well [98].
Comparative analysis of first versus third-trimester pla-
centa in female only and male only cohorts found 52
female exclusive and 32 male exclusive miRNAs differ-
entially expressed across gestation, including miRNAs
from the placenta-specific clusters, C14MC and C19MC
[36]. These clusters are large, imprinted miRNAs whose
members are principally expressed in placenta, and are
maternally and paternally expressed, respectively [99]. In
the first trimester, miRNA expression from C14MC was
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more represented in males and C19MC was more rep-
resented in females. This trend was reversed in the third
trimester [36]. Overall in first and third trimester, the
current collection of observations suggest that microR-
NAs are a consistent hub of sex differences throughout
gestation and are linked to cell signaling, growth, cancer,
and immune function pathways.

Placental sex, biomarkers, and prenatal testing
Understanding how sex manifests early in placental
development has the potential to refine prenatal test-
ing and improve the reliability of biomarker screening.
Multiple groups have observed higher levels of hCG in
maternal blood in the presence of female compared to
male fetuses at different stages of pregnancy [[100-105],
but see [106] in the case of IVF]. In the second trimes-
ter, inhibin-A was shown to be elevated in karyotypi-
cally normal female fetuses, which has the potential to
reduce the accuracy of inhibin-A based Down syndrome
screening in females [107]. In a related observation,
Larsen et al. [100] found elevated PAPP-A in serum from
female-fetus pregnancies relative to male fetuses from 11
to 14 weeks, noting that this difference could also poten-
tially confound screening for Down Syndrome in females.
This is corroborated by observations that the trajectory
of PAPP-A, PAPP-A2, INHBA expression in human CV
showed sex-dependent trends in expression from 11 to
16 weeks [35]. Brown et al. [16] have demonstrated sex
differences in first-trimester placental biomarkers includ-
ing soluble fms-like tyrosine kinase 1 (s-Flt1), placental
growth factor (PLGF) and plasminogen activator inhibi-
tor-2 (PAI-2) in both normal and pathological pregnan-
cies. PLGF, PAI-2, and s-Flt1 were all noted to be higher
in the first-trimester plasma in pregnancies with female
fetuses, however these sex-specific differences disap-
peared in the presence of vascular complications such
as PE and FGR. In pregnancies affected by hyperhomo-
cysteinemia, plasma levels of placentally derived PLGF
and PAI-2 decreased in the case of male fetuses, an effect
not seen in female fetuses [16]. This example illustrates
one of the ways that sex differences can manifest in preg-
nancy: the disappearance of a normally occurring dimor-
phism in pathological states [108]. Once the landscape of
human prenatal sex differences and dimorphism is fully
mapped in normal pregnancy, the absence of an expected
sex difference may itself act as an indicator of future
pathology.

With the advent of non-invasive prenatal testing
(NIPT) using cell-free DNA, it is now possible to deter-
mine fetal sex as early as 7 weeks of pregnancy [109]. The
development of screening frameworks that are sensi-
tive to fetal sex will likely improve the predictive utility
of both current and future diagnostic tools, as grouping
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sexes together when sex-biased distributions exist adds
noise and masks potentially informative correlations
[108]. As NIPT improves, quantitation of placental cell-
free RNA transcripts from maternal blood may one day
become a standard part of prenatal screening [110],
in which case an accurate map of sex differences in the
first and second trimester placental transcriptomes will
become invaluable in charting sex-specific trajectories
over the course of pregnancy to identify the most reliable
biomarkers of pregnancy outcome.

Evolutionary perspective: why consider sex in early human
placental development?

Why, from an evolutionary or developmental perspec-
tive, should male and female extraembryonic tissues dif-
fer at all? Ultimately, we cannot know precisely which
historical evolutionary forces shaped the sex differences
we observe in fetal and placental development, but we
can encapsulate the current theories that help to generate
experimental predictions (Fig. 4).

+ The pressures of dimorphism: In a sexually dimor-
phic species like Homo sapiens, males become
larger than females on average. The Trivers—Wil-
lard hypothesis of differential parental invest-
ment in male and female offspring proposes that
polygynous mammalian species exhibiting sexual
dimorphism can adjust offspring sex ratios adap-
tively, prioritizing male offspring in high-nutrient
environments and female offspring in low nutri-
ent environments [111]. In this framework, males
are a high-risk/high-reward investment, produc-
ing many F2 offspring when successful in compet-
ing for mates, and producing none if unsuccessful,
making body size an essential developmental pri-
ority. Females of these species tend toward a lower
but consistent lifetime parity regardless of size,
making them a safer investment for maximizing F2
offspring in adverse environments. This theory was
applied to prenatal and placental biology by Eriks-
son and Clifton, respectively, in 2010 [112, 113] and
has provided a guiding heuristic for conceptual-
izing placental sex differences and their impact on
fetal outcomes. In this model, fetal body growth is
prioritized by male placenta, while adaptability and
survival is favored by females. Observations of sex
differences in mTOR-related signaling, mitochon-
drial function, and energy homeostasis may arise as
a result of this selection pressure.

+ The foreign Y: XY conceptuses produce foreign
alloantigens from the Y chromosome to which
maternal XX immune cells are naive. For this rea-
son, the male fetus may have evolved to interact
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with the maternal immune system in a way that
prioritizes protection from recognition. Given the
emergence of immune signaling as a hub of sex dif-
ferences in the early placental transcriptome, it is

possible that the selection pressures shaping life-
long sex differences in immune function may arise
in part from the necessities of prenatal survival,
particularly at the site of immunological interac-
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tion in the extraembryonic compartment. The most
consistent of these differences are likely to be driven
by chromosomal mechanisms, while those that vary
with age are likely to interact with hormonal sex as
well [75]. The observed sex differences in cytokine,
chemokine, and immunomodulator expression may
have arisen in response to this selection pressure.

+ XX flexibility: Current evidence suggests that X inac-
tivation is not fully paternally imprinted in human
placenta, instead exhibiting a form of large-scale
clonal mosaicism with a slight bias towards mater-
nal X expression (54, 56). In addition to random and/
or clonally skewed XX mosaicism acting as a buffer
against deleterious mutations, X inactivation escape
allows for elevated dosage of specific X transcripts
in a cell and tissue-specific manner. The loosen-
ing of parent-specific imprinting and X gene-dosage
limitations in extraembryonic tissues has allowed
for the rise of XX protection mechanisms that have
been shown to contribute to female resilience against
certain metabolic stressors [58, 62]. Observations of
consistent and cell-specific groups of X inactivation
escapees in placental cells may have arisen as a result
of this selection pressure.

Perspectives and significance

The successful establishment of the fetal-maternal inter-
face is the foundation for a healthy pregnancy. Differ-
ences in placental development and function driven by
biological sex are likely to contribute significantly to sex
differences in adverse pregnancy outcomes in the short
term, as well as sex-biased disorders of development in
the long term. Understanding what these differences are,
how they change throughout gestation and what mech-
anisms account for them will provide key insight into
molecular targets that can be modulated to improve sex-
biased obstetrical complications.

It is essential to map the landscapes of sex differences
in both health and disease, as a full understanding of the
normal state will assist in determining variations associ-
ated with disease that may be sexually dimorphic. While
a sex difference that emerges in a disease state can indi-
cate that sex-linked mechanisms are at play, it is likely
just as important to pay attention to sex differences that
exist at baseline in healthy pregnancies and disappear in
disease states. If male and female fetuses employ unique
transcriptional and translational adaptations under
normal conditions, the convergence of the sexes and
the absence of difference can, in itself, be an indication
that sex-biased pathological outcomes may result [108].
This will be especially important when developing bio-
markers for pregnancy monitoring, as well as defining

Page 21 of 24

male-specific metabolic and immunologic adaptations
that may protect and facilitate their growth and greater
relative allogeneicity to their female host.

Discussion of biological sex tends to focus on sex dif-
ferences that exist in the somatic tissues of postnatal
boys, girls, men, and women. With growing recognition
of the fetal origins of health and disease, it is important
to shed light on sex differences in early prenatal devel-
opment, as these observations may unlock insight into
the foundations of sex-biased pathologies that emerge
later in life. More research is needed to determine the
impact of both sex karyotypes and gonadal hormones
on cell and tissue function in human placenta. In order
to understand how fetal sex shapes disease, we must
thoroughly map the landscape of sex differences in nor-
mal prenatal development.

Abbreviations

PE: Preeclampsia; PPROM: Preterm premature rupture of membranes; IUGR:
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Glossary
Chorionic villus Tree-shaped outgrowth of fetal placental tissue that
contacts maternal blood and facilitates exchange

across the interface.

Conceptus Al tissues arising from a fertilized egg, including embryonic and
extraembryonic compartments.
Decidua The modified endometrial lining in, which forms the maternal

part of the placenta. Decidua is formed in a process called decid-
ualization under the influence of progesterone.

Dosage compensation A process by which gene expression is equalized
between cells of different sexes, involving X Inactiva-
tion in mammals.

A subclass of mammals that form a placenta and reach an

advanced state of development before birth.

Monotreme Subclass of mammals that lay eggs, including platypus and

echidna.

The process of childbirth including dilation, expulsion of the

fetus, and separation of the placenta.

Pseudoautosomal region Paired sequences of nucleotides on the
ends of the X and Y chromosomes that
are expressed in a dose-dependent man-
ner and inherited like autosomal genes.

Eutherian

Parturition

Syncytiotrophoblast  Cytotrophoblast cells that have fused to form the
multinucleated epithelial outer lining of the chorionic
villi.

Tolerance  Prevention of an immune response against a particular antigen.

X inactivation escapees Genes that are expressed at a detectable level from
the otherwise inactivated X chromosome.

Acknowledgements
Authors acknowledge funding, support, and encouragement from Stanford's
Women'’s Health and Sex Differences in Medicine (WHSDM) Center.

Author contributions

AEB and ORM wrote the main text and generated figures and tables. AEB,
ORM and TLG reanalyzed previously published datasets. TS, TLG, and AEF
wrote sections in their area of expertise. VDW and MDP contributed to



Braun et al. Biology of Sex Differences 2022, 13(1):50

rewriting and editing of all text and figures. All authors read and approved the
final manuscript.

Funding
Not applicable.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflicts of interest.

Author details

'Department of Obstetrics and Gynecology, Stanford University School

of Medicine, 240 Pasteur Dr, Stanford, CA 94305-5317, USA. 2Department
of Obstetrics and Gynecology, Cedars-Sinai Medical Center, 8635 West Third
Street, Suite 160, Los Angeles, CA 90048, USA.

Received: 20 May 2022 Accepted: 2 September 2022
Published: 16 September 2022

References

1. Mittwoch U. Blastocysts prepare for the race to be male. Hum Reprod.
1993;8(10):1550-5.

2. Ray PF, Conaghan J, Winston RM, Handyside AH. Increased number of
cells and metabolic activity in male human preimplantation embryos
following in vitro fertilization. J Reprod Fertil. 1995;104(1):165-71.

3. Clarke J. Observations on some causes of the excess of the mortality of
males above that of females. Lond Med J. 1788,9(Pt 2):179-200.

4. Cooperstock M, Campbell J. Excess males in preterm birth: interac-
tions with gestational age, race, and multiple birth. Obstet Gynecol.
1996,88(2):189-93.

5. Walker MG, Fitzgerald B, Keating S, Ray JG, Windrim R, Kingdom JC.
Sex-specific basis of severe placental dysfunction leading to extreme
preterm delivery. Placenta. 2012,33(7):568-71.

6. Challis J,Newnham J, Petraglia F, Yeganegi M, Bocking A. Fetal sex and
preterm birth. Placenta. 2013;34(2):95-9.

7. DiRenzo GC, Rosati A, Sarti RD, Cruciani L, Cutuli AM. Does fetal sex
affect pregnancy outcome. Gend Med. 2007;4(1):19-30.

8. Hassold T, Quillen SD, Yamane JA (1993) Sex ratio in spontaneous abor-
tions. Ann Hum Genet. 47(1):39-47.

9. Byrne J, Warburton D. Male excess among anatomically normal fetuses
in spontaneous abortions. Am J Med Genet. 1987,26(3):605-11.

10. Schalekamp-Timmermans S, Arends LR, Alsaker E, Chappell L, Hans-
son S, Harsem NK, et al. Fetal sex-specific differences in gestational
age at delivery in pre-eclampsia: a meta-analysis. Int J Epidemiol.
2017,46(2):632-42.

11. Melamed N, Yogev Y, Glezerman M. Fetal gender and pregnancy out-
come. J Matern Fetal Neonatal Med. 2010;23(4):338-44.

12. Mulla ZD, Plavsic SK, Ortiz M, Nuwayhid BS, Ananth CV. Fetal sex pairing
and adverse perinatal outcomes in twin gestations. Ann Epidemiol.
2013;23(1):7-12.

13. Radulescu L, Ferechide D, Popa F. The importance of fetal gender in
intrauterine growth restriction. J Med Life. 2013;6(1):38-9.

14. Teixeira MP, Queiroga TP, Mesquita MD (2016) Frequency and risk factors
for the birth of small-for-gestational-age newborns in a public mater-
nity hospital. Einstein Sao Paulo. 14(3):317-23.

15. Inkster AM, Fernandez-Boyano |, Robinson WP Sex differences are here
to stay: relevance to prenatal care. J Clin Med. 2021;10(13):3000.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34,

35.

36.

37.

Page 22 of 24

Brown ZA, Schalekamp-Timmermans S, Tiemeier HW, Hofman A, Jad-
doe VW, Steegers EA. Fetal sex specific differences in human placenta-
tion: a prospective cohort study. Placenta. 2014;35(6):359-64.

Alur P. Sex differences in nutrition, growth, and metabolism in preterm
infants. Front Pediatr. 2019;7:22.

Broere-Brown ZA, Adank MC, Benschop L, Tielemans M, Muka T,
Gongalves R, et al. Fetal sex and maternal pregnancy outcomes: a
systematic review and meta-analysis. Biol Sex Differ. 2020;11(1):26.
Aibar L, Puertas A, Valverde M, Carrillo MP, Montoya F. Fetal sex and
perinatal outcomes. J Perinat Med. 2012;40(3):271-6.

Al-Qaraghouli M, Fang YMV. Effect of fetal sex on maternal and obstetric
outcomes. Front Pediatr. 2017;5:144.

Soncin F, Khater M, To C, Pizzo D, Farah O, Wakeland A, et al. Compara-
tive analysis of mouse and human placentae across gestation reveals
species-specific regulators of placental development. Development.
2018;145(2):156273.

Jauniaux E, Poston L, Burton GJ. Placental-related diseases of preg-
nancy: Involvement of oxidative stress and implications in human
evolution. Hum Reprod Update. 2006;12(6):747-55.

Petropoulos S, Edsgérd D, Reinius B, Deng Q, Panula SP, Codeluppi S,
et al. Single-cell RNA-Seq reveals lineage and X chromosome dynamics
in human preimplantation embryos. Cell. 2016;165(4):1012-26.

Sood R, Zehnder JL, Druzin ML, Brown PO. Gene expression patterns in
human placenta. Proc Natl Acad Sci USA. 2006;103(14):5478-83.
Osei-Kumah A, Smith R, Jurisica |, Caniggia |, Clifton VL. Sex-specific
differences in placental global gene expression in pregnancies compli-
cated by asthma. Placenta. 2011;32(8):570-8.

Cvitic S, Longtine MS, Hackl H, Wagner K, Nelson MD, Desoye G, et al.
The human placental sexome differs between trophoblast epithelium
and villous vessel endothelium. PLoS ONE. 2013:8(10): €79233.
Buckberry S, Bianco-Miotto T, Bent SJ, Dekker GA, Roberts CT. Integra-
tive transcriptome meta-analysis reveals widespread sex-biased gene
expression at the human fetal-maternal interface. Mol Hum Reprod.
2014,20(8):810-9.

SedImeier EM, Brunner S, Much D, Pagel P, Ulbrich SE, Meyer HH, et al.
Human placental transcriptome shows sexually dimorphic gene
expression and responsiveness to maternal dietary n-3 long-chain poly-
unsaturated fatty acid intervention during pregnancy. BMC Genomics.
2014,27(15):941.

Muralimanoharan S, Maloyan A, Myatt L. Evidence of sexual dimor-
phism in the placental function with severe preeclampsia. Placenta.
2013;34(12):1183-9.

Yeganegi M, Watson CS, Martins A, Kim SO, Reid G, Challis JR, et al.
Effect of Lactobacillus rhamnosus GR-1 supernatant and fetal sex on
lipopolysaccharide-induced cytokine and prostaglandin-regulating
enzymes in human placental trophoblast cells: implications for treat-
ment of bacterial vaginosis and prevention of preterm labor. Am J
Obstet Gynecol. 2009;200(5):532.e1-8.

Winn VD, Haimov-Kochman R, Paquet AC, Yang YJ, Madhusudhan MS,
Gormley M, et al. Gene expression profiling of the human maternal-
fetal interface reveals dramatic changes between midgestation and
term. Endocrinology. 2007;148(3):1059-79.

Yong HEJ, Chan SY. Current approaches and developments in
transcript profiling of the human placenta. Hum Reprod Update.
2020;26(6):799-840.

Gonzalez TL, Sun T, Koeppel AF, Lee B, Wang ET, Farber CR, et al. Sex dif-
ferences in the late first trimester human placenta transcriptome. Biol
Sex Differ. 2018;9(1):4.

SunT, Gonzalez TL, Deng N, DiPentino R, Clark EL, Lee B, et al. Sexually
Dimorphic Crosstalk at the Maternal-Fetal Interface. J Clin Endocrinol
Metab. 2020;105(12):dgaa503.

Braun AE, Muench KL, Robinson BG, Wang A, Palmer TD, Winn VD.
Examining Sex Differences in the Human Placental Transcriptome Dur-
ing the First Fetal Androgen Peak. Reprod Sci. 2021;28(3):801-18.
Flowers AE, Gonzalez TL, Joshi NV, Eisman LE, Clark EL, Buttle RA, et al.
Sex differences in microRNA expression in first and third trimester
human placentat. Biol Reprod. 2022;106(3):551-67.

Lyon MF. Gene action in the X-chromosome of the mouse (Mus muscu-
lus L). Nature. 1961;190:372-3.

Barr ML, Bertram EG. A morphological distinction between

neurones of the male and female, and the behaviour of the



Braun et al. Biology of Sex Differences 2022, 13(1):50

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

nucleolar satellite during accelerated nucleoprotein synthesis. Nature.
1949;163(4148):676.

Ellis N, Goodfellow PN.The mammalian pseudoautosomal region.
Trends Genet. 1989:5(12):406-10.

Ciccodicola A, D'Esposito M, Esposito T, Gianfrancesco F, Migliaccio

C, Miano MG, et al. Differentially regulated and evolved genes in the
fully sequenced Xg/Yq pseudoautosomal region. Hum Mol Genet.
2000;9(3):395-401.

Tukiainen T, Villani AC, Yen A, Rivas MA, Marshall JL, Satija R, et al.
Landscape of X chromosome inactivation across human tissues. Nature.
2017,550(7675):244-8.

Bondy CA, Cheng C. Monosomy for the X chromosome. Chromosome
Res. 2009;17(5):649-58.

Raudsepp T, Das PJ, Avila F, Chowdhary BP. The pseudoautosomal
region and sex chromosome aneuploidies in domestic species. Sex
Dev. 2012;6(1-3):72-83.

Saenger P. Turner’s syndrome. N Engl J Med. 1996;335(23):1749-54.
Cockwell A, MacKenzie M, Youings S, Jacobs P. A cytogenetic and
molecular study of a series of 45, X fetuses and their parents. J Med
Genet. 1991;28(3):151-5.

Ljunger E, Cnattingius S, Lundin C, Annerén G. Chromosomal
anomalies in first-trimester miscarriages. Acta Obstet Gynecol Scand.
2005;84(11):1103-7.

Bermejo-Alvarez P, Ramos-Ibeas P, Gutierrez-Adan A. Solving the “X"in
embryos and stem cells. Stem Cells Dev. 2012;21(8):1215-24.

Takagi N, Sasaki M. Preferential inactivation of the paternally derived X
chromosome in the extraembryonic membranes of the mouse. Nature.
1975;256(5519):640-2.

Huynh KD, Lee JT. Imprinted X inactivation in eutherians: a model

of gametic execution and zygotic relaxation. Curr Opin Cell Biol.
2001;13(6):690-7.

Huynh KD, Lee JT. X-chromosome inactivation: a hypothesis linking
ontogeny and phylogeny. Nat Rev Genet. 2005;6(5):410-8.

Migeon BR, Do TT. In search of nonrandom X inactivation: studies of
the placenta from newborns heterozygous for glucose-6-phosphate
dehydrogenase. Basic Life Sci. 1978;12:379-91.

Ropers HH, Wolff G, Hitzeroth HW. Preferential X inactivation in human
placenta membranes: is the paternal X inactive in early embryonic
development of female mammals. Hum Genet. 1978;43(3):265-73.
Harrison KB, Warburton D. Preferential X-chromosome activity in human
femnale placental tissues. Cytogenet Cell Genet. 1986;41(3):163-8.
Moreira de Mello JC, de Araujo ES, Stabellini R, Fraga AM, de Souza JE,
Sumita DR, et al. Random X inactivation and extensive mosaicism in
human placenta revealed by analysis of allele-specific gene expression
along the X chromosome. PLoS One. 2010;5(6):210947.

Looijenga LH, de Munnik H, Oosterhuis JW. A molecular model for the
development of germ cell cancer. Int J Cancer. 1999;83(6):809-14.
Phung TN, Olney KC, Silasi M, Perley L, O'Bryan J, Kliman HJ, Wilson
MA. X chromosome inactivation in the human placenta is patchy and
distinct from adult tissues. bioRxiv. 785105

Marsh B, Blelloch R. Single nuclei RNA-seq of mouse placental labyrinth
development. Elife. 20203;9:260266.

Gong S, Sovio U, Aye IL, Gaccioli F, Dopierala J, Johnson MD, et al.
Placental polyamine metabolism differs by fetal sex, fetal growth
restriction, and preeclampsia. JCl Insight. 2018;3(13):120723.

Minks J, Robinson WP, Brown CJ. A skewed view of X chromosome
inactivation. J Clin Investig. 2008;118(1):20-3.

Wang P, Zhang Y, Wang BQ, Li JL, Wang YX, Pan D, Wu XB, Fung WK,
Zhou JY. A statistical measure for the skewness of X chromosome
inactivation based on case-control design. BMC Bioinformatics.
2019;20(1):1-1.

Balaton BP, Cotton AM, Brown CJ. Derivation of consensus inactivation
status for X-linked genes from genome-wide studies. Biol Sex Differ.
2015;6:35.

Howerton CL, Morgan CP, Fischer DB, Bale TL. O-GIcNAc transferase
(OGT) as a placental biomarker of maternal stress and reprogramming
of CNS gene transcription in development. Proc Natl Acad Sci USA.
2013;110(13):5169-74.

Okae H, Toh H, Sato T, Hiura H, Takahashi S, Shirane K, et al. Derivation of
human trophoblast stem cells. Cell Stem Cell. 2018;22(1):50-636.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Page 23 of 24

Turco MY, Gardner L, Kay RG, Hamilton RS, Prater M, Hollinshead MS,

et al. (2018) Trophoblast organoids as a model for maternal-fetal inter-
actions during human placentation. Nature. 564(7735):263-7.

Haider S, Meinhardt G, Saleh L, Kunihs V, Gamperl M, Kaindl U, et al.
Self-renewing trophoblast organoids recapitulate the develop-

mental program of the early human placenta. Stem Cell Reports.
2018;11(2):537-51.

Meyfour A, Pooyan P, Pahlavan S, Rezaei-Tavirani M, Gourabi H, Baha-
rvand H, et al. Chromosome-centric human proteome project allies
with developmental biology: a case study of the role of Y chromosome
genes in organ development. J Proteome Res. 2017;16(12):4259-72.
Holland OJ, Linscheid C, Hodes HC, Nauser TL, Gilliam M, Stone P, et al.
Minor histocompatibility antigens are expressed in syncytiotrophoblast
and trophoblast debris: implications for maternal alloreactivity to the
fetus. Am J Pathol. 2012;180(1):256-66.

Than NG, Romero R, Xu Y, Erez O, Xu Z, Bhatti G, et al. Evolution-

ary origins of the placental expression of chromosome 19 cluster
galectins and their complex dysregulation in preeclampsia. Placenta.
2014;35(11):855-65.

Arthur HM, Ure J, Smith AJ, Renforth G, Wilson DI, Torsney E, et al.
Endoglin, an ancillary TGFbeta receptor, is required for extraembryonic
angiogenesis and plays a key role in heart development. Dev Biol.
2000;217(1):42-53.

Myatt L, Muralimanoharan S, Maloyan A. Effect of preeclampsia on
placental function: influence of sexual dimorphism, microRNA's and
mitochondria. Adv Exp Med Biol. 2014;814:133-46.

Jiang S, Teague AM, Tryggestad JB, Aston CE, Lyons T, Chernausek SD.
Effects of maternal diabetes and fetal sex on human placenta mito-
chondrial biogenesis. Placenta. 2017,57:26-32.

Sedlmeier EM, Meyer DM, Stecher L, Sailer M, Daniel H, Hauner H,

et al. Fetal sex modulates placental microRNA expression, potential
microRNA-mRNA interactions, and levels of amino acid transporter
expression and substrates: INFAT study subpopulation analysis of n-3
LCPUFA intervention during pregnancy and associations with offspring
body composition. BMC Mol Cell Biol. 2021;22(1):15.

Roberts OL, Holmes K, Mdiller J, Cross DA, Cross MJ. ERK5 and the
regulation of endothelial cell function. Biochem Soc Trans. 2009;37(Pt
6):1254-9.

Roberts OL, Holmes K, Mdller J, Cross DA, Cross MJ. ERK5 is required for
VEGF-mediated survival and tubular morphogenesis of primary human
microvascular endothelial cells. J Cell Sci. 2010;123(Pt 18):3189-200.
Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev
Immunol. 2016;16(10):626-38.

Balogh A, Pozsgay J, Matkd J, et al. Placental protein 13 (PP13/galec-
tin-13) undergoes lipid raft-associated subcellular redistribution in the
syncytiotrophoblast in preterm preeclampsia and HELLP syndrome. Am
J Obstet Gynecol. 2011;205(2):156.e1-156.14.

Nielsen HS. Secondary recurrent miscarriage and H-Y immunity. Hum
Reprod Update. 2011;17(4):558-74.

Vokalova L, Balogh A, Toth E, Van Breda SV, Schéfer G, Hoesli |, et al. Pla-
cental protein 13 (Galectin-13) polarizes neutrophils toward an immune
regulatory phenotype. Front Immunol. 2020;11:145.

Del Prete A, Martinez-Mufoz L, Mazzon C, Toffali L, Sozio F, Za L, et al.
The atypical receptor CCRL2 is required for CXCR2-dependent neutro-
phil recruitment and tissue damage. Blood. 2017;130(10):1223-34.
Amsalem H, Kwan M, Hazan A, Zhang J, Jones RL, Whittle W, et al. Iden-
tification of a novel neutrophil population: proangiogenic granulocytes
in second-trimester human decidua. J Immunol. 2014;193(6):3070-9.
Bongen E, Lucian H, Khatri A, Fragiadakis GK, Bjornson ZB, Nolan

GP et al. Sex differences in the blood transcriptome identify robust
changes in immune cell proportions with aging and influenza infec-
tion. Cell Rep. 2019;29(7):1961-1973e4.

Meakin AS, Cuffe JSM, Darby JRT, Morrison JL, Clifton VL. Let’s talk about
placental sex, baby: understanding mechanisms that drive female- and
male-specific fetal growth and developmental outcomes. Int J Mol Sci.
2021,22(12):6386.

Pasqualini JR, Chetrite GS. The formation and transformation of
hormones in maternal, placental and fetal compartments: biological
implications. Hormone Mol Biol Clin Investig 2016;27.



Braun et al. Biology of Sex Differences 2022, 13(1):50

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

105.

Connan-Perrot S, Léger T, Lelandais P, Desdoits-Lethimonier C, David

A, Fowler PA, et al. Six decades of research on human fetal gonadal
steroids. JIMS. 2021;22:6681.

Geyer J, Bakhaus K, Bernhardt R, Blaschka C, Dezhkam Y, Fietz D, et al.
The role of sulfated steroid hormones in reproductive processes. J
Steroid Biochem Mol Biol. 2017;172:207-21.

Lanciotti L, Cofini M, Leonardi A, Penta L, Esposito S. Up-to-date review
about minipuberty and overview on hypothalamic—pituitary—gonadal
axis activation in fetal and neonatal life. Front Endocrinol (Lausanne).
2018;9:410.

Conte FA, Grumbach MM. Chapter 14. Disorders of Sex Determination
and Differentiation. In: Gardner DG, Shoback D. eds. Greenspan'’s Basic &
Clinical Endocrinology, 9e. McGraw Hill; 2011. Accessed May 19, 2022.
Institute of Medicine (US) Committee on Understanding the Biology of
Sex and Gender Differences, Wizemann TM, Pardue ML, eds. Explor-
ing the Biological Contributions to Human Health: Does Sex Matter?
Washington (DC): National Academies Press (US); 2001.
O'Shaughnessy PJ, Antignac JP, Le Bizec B, Morvan ML, Svechnikov K,
Soder O, et al. Alternative (backdoor) androgen production and mascu-
linization in the human fetus. PLoS Biol. 2019;17(2):3000002.
Sathishkumar K, Balakrishnan M, Chinnathambi V, Chauhan M, Hankins
GD, Yallampalli C. Fetal sex-related dysregulation in testosterone
production and their receptor expression in the human placenta with
preeclampsia. J Perinatol. 2012;32(5):328-35.

Steier JA, Bergsjo PB, Myking OL. Disappearance of human chorionic
gonadotropin after cesarean section with regard to fetal sex. Acta
Obstet Gynecol Scand. 2002;81(5):403.

Uhlén M, Fagerberg L, Hallstrom BM, Lindskog C, Oksvold P, Mardinoglu
A, Sivertsson A, Kampf C, Sjéstedt E, Asplund A, Olsson 1. Tissue-based
map of the human proteome. Science. 2015;347(6220):1260419.

Reyes Fl, Boroditsky RS, Winter JS, Faiman C. Studies on human sexual
development. Il. Fetal and maternal serum gonadotropin and sex
steroid concentrations. J Clin Endocrinol Metab. 1974;38(4):612-7.
Hayder H, O'Brien J, Nadeem U, Peng C. MicroRNAs: crucial regulators of
placental development. Reproduction. 2018;155(6):R259-71.

Mouillet JF, Ouyang Y, Coyne CB, Sadovsky Y. MicroRNAs in placental
health and disease. Am J Obstet Gynecol. 2015;213(4 Suppl):S163-72.
Sharma S, Eghbali M. Influence of sex differences on microRNA gene
regulation in disease. Biol Sex Differ. 2014;5(1):1-8.

Guo S, Huang S, Jiang X, Hu H, Han D, Moreno CS, et al. Variation of
microRNA expression in the human placenta driven by population
identity and sex of the newborn. BMC Genomics. 2021;22(1):286.

Di Palo A, Siniscalchi C, Salerno M, Russo A, Gravholt CH, Potenza N.
What microRNAs could tell us about the human X chromosome. Cell
Mol Life Sci. 2020;77(20):4069-80.

Morales-Prieto DM, Ospina-Prieto S, Chaiwangyen W, Schoenleben M,
Markert UR. Pregnancy-associated miRNA-clusters. J Reprod Immunol.
2013;97(1):51-61.

Larsen SO, Wgjdemann KR, Shalmi AC, Sundberg K, Christiansen M,
Tabor A. Gender impact on first trimester markers in Down syndrome
screening. Prenat Diagn. 2002;22(13):1207-8.

Yaron'Y, Ochshorn Y, Heifetz S, Lehavi O, Sapir Y, Orr-Urtreger A. First
trimester maternal serum free human chorionic gonadotropin

as a predictor of adverse pregnancy outcome. Fetal Diagn Ther.
2002;17(6):352-6.

Adibi JJ, Lee MK, Naimi Al, Barrett E, Nguyen RH, Sathyanarayana S,

et al. Human chorionic gonadotropin partially mediates phthalate
association with male and female anogenital distance. J Clin Endocrinol
Metab. 2015;100(9):E1216-24.

Steier JA, Myking OL, Bergsje PB. Correlation between fetal sex and
human chorionic gonadotropin in peripheral maternal blood and
amniotic fluid in second and third trimester normal pregnancies. Acta
Obstet Gynecol Scand. 1999;78(5):367-71.

Steier JA, Bergsjo PB, Thorsen T, Myking OL. Human chorionic gonado-
tropin in maternal serum in relation to fetal gender and utero-placental
blood flow. Acta Obstet Gynecol Scand. 2004;83(2):170-4.

Gol M, Altunyurt S, Cimrin D, Guclu S, Bagci M, Demir N. Different
maternal serum hCG levels in pregnant women with female and male
fetuses: does fetal hypophyseal-adrenal-gonadal axis play a role. J
Perinat Med. 2004;32(4):342-5.

106.

107.

111,

112.

113.

Page 24 of 24

Xiong F, Sun Q, Li GG, Chen PL, Yao ZH, Wan CY, et al. Initial serum HCG
levels are higher in pregnant women with a male fetus after fresh or
frozen single blastocyst transfer: a retrospective cohort study. Taiwan J
Obstet Gynecol. 2019;58(6):833-9.

Hang Lam'Y, Hoi Yin Tang M. The effect of fetal gender on second-
trimester maternal serum inhibin—a concentration. Prenat Diagn.
2001;21(8):662-4.

Braun AE, Carpentier PA, Babineau BA, Narayan AR, Kielhold ML,

Moon HM, et al.“Females Are Not Just ‘Protected’ Males”: sex-specific
vulnerabilities in placenta and brain after prenatal immune disruption.
eNeuro. 2019;6(6):ENEURO.0358-19.2019.

Samura O. Update on noninvasive prenatal testing: a review based on
current worldwide research. J Obstet Gynaecol Res. 2020;46(8):1246-54.
Ngo TTM, Moufarrej MN, Rasmussen MH, Camunas-Soler J, Pan W,
Okamoto J, et al. Noninvasive blood tests for fetal development predict
gestational age and preterm delivery. Science. 2018;360(6393):1133-6.
Trivers RL, Willard DE. Natural selection of parental ability to vary the sex
ratio of offspring. Science. 1973;179(4068):90-2.

Clifton VL. Review: sex and the human placenta: mediating differential
strategies of fetal growth and survival. Placenta. 2010;31(Suppl):S33-9.
Eriksson JG, Kajantie E, Osmond C, Thornburg K, Barker DJ. Boys live
dangerously in the womb. Am J Hum Biol. 2010;22(3):330-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC




	Sex at the interface: the origin and impact of sex differences in the developing human placenta
	Abstract 
	Highlights 
	Background
	How does sex manifest in the human placenta?
	The dynamic placental transcriptome
	The sex chromosomes
	Pseudoautosomal genes in placenta
	Mechanisms of XX protection in placenta
	The Y chromosome
	X chromosome expression in the male placenta
	Autosomal sex differences in early placenta
	Chromosomal location of DE genes
	Functional associations of DE genes
	Upstream regulators of DE genes
	Sex differences in placental immune genes
	Sex steroid hormones in placenta
	Sex differences in microRNA in human placenta
	Placental sex, biomarkers, and prenatal testing
	Evolutionary perspective: why consider sex in early human placental development?
	Perspectives and significance

	Acknowledgements
	References


